Abstract: The U.S. Geological Survey ͑USGS͒ principally has used Price AA and Price pygmy mechanical current meters for measurement of discharge. New technologies have resulted in the introduction of alternatives to the Price meters. One alternative, the FlowTracker acoustic Doppler velocimeter, was designed by SonTek/YSI to make streamflow measurements in wadeable conditions. The device measures a point velocity and can be used with standard midsection method algorithms to compute streamflow. The USGS collected 55 quality-assurance measurements with the FlowTracker at 43 different USGS streamflow-gaging stations across the United States, with mean depths from 0.05 to 0.67 m, mean velocities from 13 to 60 cm/ s, and discharges from 0.02 to 12.4 m 3 / s. These measurements were compared with Price mechanical current meter measurements. Analysis of the comparisons shows that the FlowTracker discharges were not statistically different from the Price meter discharges at a 95% confidence level.
Introduction
The U.S. Geological Survey ͑USGS͒ and other agencies make thousands of streamflow measurements annually. USGS personnel made more than 65,000 streamflow measurements during the 2006 water year, from October 1, 2005 to September 30, 2006 ͑Oberg and Mueller 2007͒. Fulford ͑1992͒ showed that 77% of the streamflow measurements made by the USGS during the 1990 water year were wading measurements.
Two current meters are used commonly by the USGS and other agencies in North America to make measurements of streamflow: The Price AA and Price pygmy mechanical current meters. The Price meter has been used by the USGS since 1896 ͑Smoot and Novak 1977͒. Although these current meters have proven to be robust and accurate, they are subject to limitations regarding their use such as measurements of low velocities ͑Ͻ6 cm/s͒ and measurements in streams with depths Ͻ15 cm. See description by Rantz et al. ͑1982, pp. 134-135, pp. 143-144͒ for more details.
Beginning in 2000, the USGS began to explore the application of other technologies for the measurement of streamflow, particularly with a view to providing more accurate streamflow measurements during low flow. USGS personnel collaborated with SonTek/YSI to adapt their acoustic Doppler velocimeter ͑ADV͒ for use in wading streamflow measurements as alternative to the Price AA and pygmy meters. ͑Any use of trade, product, or firm names is for descriptive purposes only and does not imply endorsement by the U.S. Government.͒ The ADV was developed in the early 1990s for hydraulic measurements in laboratory settings ͑Kraus et al. 1994͒ and has been extensively used for mean flow and turbulence measurements ͑Voulgaris and Trowbridge 1998; Snyder and Castro 1999͒.
As a result of this collaboration, SonTek/YSI developed the FlowTracker ADV for use in wadeable streams using a standard top-setting wading rod. Fisher and Morlock's ͑2002͒ preliminary comparisons showed that the FlowTracker compared favorably to Price meters for measuring discharge in eight shallow urban streams.
Principles of Operation
The FlowTracker ADV operates at an acoustic frequency of 10 Mhz and measures the phase change caused by the Doppler shift in acoustic frequency that occurs when a transmitted acoustic signal reflects off particles in the flow. The magnitude of the phase change is proportional to the flow velocity. The phase difference can be positive or negative, allowing ADVs to measure positive and negative velocities. The FlowTracker measures the velocity at a rate of approximately 10 Hz, averages the data, and records 1 s velocity-vector data. According to the manufacturer, the FlowTracker can be used in water depths as shallow as 3 cm and in velocities in the range of 0.1 to 450 cm/ s with an accuracy of ±1% of measured velocity ͑SonTek/YSI 2003͒.
The FlowTracker probe is mounted to a standard top-setting wading rod with a special offset-mounting bracket ͑Fig. 1͒. This bracket is designed to locate the FlowTracker probe at the front of the wading rod with the sampling volume 5 cm to the right of the wading rod. Although the probe is inserted into the flow, the sampling volume is several centimeters away from all physical parts of the probe, so the presence of the probe generally does not disturb the flow in the sampling volume.
FlowTrackers have several unique data-processing requirements because of their method of operation and some of the inherent limitations of the acoustic Doppler measurement technique. Unlike mechanical meters that use the momentum of the water to turn a propeller and directly measure the velocity of the water, the FlowTracker does not measure the velocity of the water. The FlowTracker measures the velocity of particles ͑sedi-ment, small organisms, and bubbles͒ suspended in the flow, assuming that these particles travel at the same velocity as the water. Therefore, the quality of the measurement is dependent on the presence of particles within the sampling volume that reflect a transmitted signal. The FlowTracker records the signal-to-noise ratio ͑SNR͒, standard error of velocity ͑based on 1 s data͒, angle of the measured flow ͑relative to the x-axis of the FlowTracker probe͒, number of filtered velocity spikes, and a boundary quality-control flag. These velocity and quality-assurance data may be used to evaluate the measurement conditions. Few similar quality assurance data are available for Price current meter measurements.
Although a FlowTracker can measure within 3 cm of a boundary, the velocity measurement might be affected by acoustic interference when the sampling volume is close to boundaries or underwater objects, even when the sampling volume is not directly on or past the boundary. At the start of each velocity measurement, if the probe detects nearby acoustic boundaries that could cause interference with the velocity measurement, a boundary adjustment is automatically made. The boundary adjustment attempts to overcome the possible interference by reducing the lag times of the acoustic signals transmitted by the FlowTracker, causing a reduction of the velocity range that can be measured. Any changes are noted in the boundary quality-control flag. If the sampling volume is on or past a boundary, the velocity data will be erroneous. Care should be taken to avoid boundaries when making measurements in depths less than 9 cm, especially in channels with irregular bottoms.
For each velocity observation, if any 1 s component of velocity is greater than three standard deviations and 3 cm/ s from the mean, the 1 s velocity is filtered out and reported as a spike.
Because greater variation in 1 s velocities results in a higher standard deviation, a 40 s velocity measurement of highly variable data still typically has fewer than two spikes.
The FlowTracker measures magnitude and direction of velocity. The operator keeps the probe perpendicular to the tag line at all verticals, regardless of flow direction ͑Fig. 1͒. To compute discharge, the FlowTracker uses the component of velocity perpendicular to the transmitting transducer for discharge calculations and reports the flow angle from the FlowTracker's x-axis as a quality-control value. A flow angle measured by the FlowTracker may be the result of flow that is not perpendicular to the tag line or a wading rod that is not being held perpendicular to the tag line ͑operator error͒. Flow angles of less than 20 deg with small variations between verticals are not unusual. Large fluctuations of flow angles between verticals, however, may be indicative of a poor measurement cross section.
Comparison Measurements
Price meters were used as the reference for the FlowTracker measurement comparisons. A detailed plan was developed to provide a consistent approach for field data collection. Sites were chosen such that there was little change in stage throughout both the FlowTracker and Price meter measurements. Typically, the Price meter ͑either AA or pygmy͒ and FlowTracker comparison measurement were made using the same stationing and velocity observation depths. In some cases, the Price current meter and FlowTracker measurements were made simultaneously. The data used in these comparisons were collected by personnel from various USGS Water Science Center offices and provided to the author prior to October 2005. Only measurements that followed the test plan were considered for this analysis. FlowTracker firmware version 2.5 was the newest firmware used in any of the discharge measurements.
Fifty-five comparison measurements made at 43 different USGS streamflow-gaging stations were available for analysis. These measurements had mean depths ranging from 0.05 to 0.67 m, mean velocities ranging from 13 to 60 cm/ s, and discharges ranging from 0.02 to 12.4 m 3 / s. Comparison measurement conditions are summarized in Fig. 2 . 
Discussion of Results
The discharges measured by Price meters and the FlowTracker can be affected by measurement techniques and site characteristics, including: ͑1͒ cross-sectional area measurement; ͑2͒ number of verticals used in the measurement; ͑3͒ SNR for the FlowTracker; ͑4͒ velocity pulsations; and ͑5͒ mean crosssectional depth and velocity. The effect of each characteristic is evaluated before a final comparison of discharge is made. The FlowTracker comparison measurements are summarized in Table 1 .
Cross-Sectional Area
Systematic errors for discharge measurements can occur in the depth and width measurements, and can be caused by improperly calibrated equipment or poor technique. These systematic errors are considered to be small, typically less than 0.5% ͑Sauer and Meyer 1992͒. Since the methods of positioning the FlowTracker and Price meters and measuring the depth are the same, the systematic errors associated with depth, width, and technique should be similar for both measurements. The effects of these systematic errors on the discharge comparisons were minimized by using the same cross section for the FlowTracker and the Price meter comparison measurement.
To evaluate the effect of depth and width errors on the measured data, the cross-sectional area measured during the Price meter measurements and the FlowTracker measurements were analyzed. Linear regression analysis was used to determine if there was a difference between the area of each FlowTracker measurement compared to the corresponding Price meter measurement. The analysis resulted in a correlation coefficient of 1.006 and coefficient of determination of 0.997, indicating that there was no difference in the measured areas at the 95% confidence level.
Number of Verticals
The number of verticals observed in a cross section help determine the uncertainty of a discharge measurement. The fewer the number of verticals used in data collection, the higher the uncertainty of the measurement ͑Sauer and Meyer 1992͒. Six of the measurement comparisons had less than the USGS recommended 25 verticals, and two of those comparisons ͑Nos. 4 and 49͒ had less than 20 verticals. The lowest number of verticals in any comparison was 17 ͑No. 49͒. According to Sauer and Meyer ͑1992͒, a discharge measurement with 17 verticals will have an added standard error of 0.7% when compared to a measurement with 25 verticals. Therefore, the number of verticals should not be a significant source of uncertainty for this set of comparison measurements. Comparison measurement No. 30 was the only comparison with less than 25 verticals, for which the difference between FlowTracker and Price current meter measured discharges was greater than 5%.
Signal-to-Noise Ratio
Adequate SNR is needed to obtain an accurate measurement of the flow velocity. SNR is a measure of the strength of the reflected acoustic signal relative to the ambient noise level of the instrument. SNR is a function of the concentration and size distribution of the particles that reflect the acoustic signal. SNR is recorded for each beam with each 1 s sample. The manufacturer states that optimal SNR is 10 dB or above ͑SonTek/YSI 2003͒. USGS policy is that FlowTrackers should not be used for measuring discharge if the SNR for any single beam is less than 4 dB.
Seven of the FlowTracker measurements had SNRs below the manufacturer's reported optimum of 10 dB. Of these seven measurements, three ͑comparison Nos. 5, 29, and 50͒ had SNRs below the USGS minimum of 4 dB. These three measurements had larger numbers of velocity spikes filtered than measurements with SNR above 4 dB. Nevertheless, the three comparisons generally agreed well ͑discharge differences Ͻ6.8%͒. However, while it may be possible to use the FlowTracker in low SNR environments, the velocity measurements are more likely to contain erroneous velocities. If a large number of the 1 s velocities are erroneous, the spike filter may not recognize the erroneous values as a spike and the resulting velocity may not be correct.
Velocity Pulsations
Velocity pulsations can vary by depth and location in the cross section. Typically, as the velocity of a stream decreases from the water surface to the streambed, the uncertainty from pulsation increases ͑Pelletier 1988͒. To minimize the impact of the pulsations of the stream, velocity data are collected over a period of time ͑typically 40 s͒. As the time duration of velocity measurements increases, the uncertainty of the velocity data decreases ͑Carter and Anderson 1963͒. To further minimize the impacts of pulsations, multiple observations can be measured at the same vertical location. The observed velocities are then averaged to determine the velocity for the vertical. Standard error of velocity, computed by the FlowTracker as the standard deviation of the 1 s velocity samples divided by the square root of the number of samples, is reported with each velocity measurement. The standard error of velocity can be interpreted as the uncertainty of the mean velocity. Standard error of velocity usually is dominated by velocity pulsations and varies based upon the environment.
When comparing mean measurement standard error of velocity with percent departure from the reference discharge ͑Fig. 3͒, as the standard error of velocity increases, the variability of percent departure also increases. This is expected because a high standard error of velocity indicates more turbulent or pulsating measurement conditions and pulsating flow conditions result in measurements with higher uncertainty. In addition, turbulent or pulsating flow can cause velocity measurement errors in meters. For mechanical meters, the inertia of a meter's moving parts and the efficiency with which the meter translates linear velocity into angular velocity affects the ability of a meter to measure accurately in pulsating velocities ͑Fulford 1995͒. The FlowTracker does not have the issues associated with moving parts and should be less sensitive to flow pulsation measurement errors. The limiting factor in measuring velocity pulsations with the FlowTracker is the sampling frequency. The six comparisons that departed in discharge more than 8% had mean standard errors greater than 1 cm/s. Two ͑Nos. 22 and 28͒ of the six comparisons that departed in discharge greater than 8% also had angles larger than 20 deg for more than 25% of the velocity observations. Large varying angles are another indication of poor measurement conditions. More testing is needed to compare the accuracy of the Price meters and the FlowTracker in these turbulent conditions.
Mean Measurement Depth and Velocity
To examine possible relations between water velocity or cross section depth and comparison differences, the distribution of the percent departure of the FlowTracker discharge from Price meter measurements was evaluated against mean FlowTracker measurement velocity ͑Fig. 4͒ and mean measurement depth ͑Fig. 5͒ using a simple linear regression analysis. The relation between mean measurement velocity and percent departure from reference discharge was found to be statistically significant ͑p-value of 0.008͒, with a correlation coefficient of 0.147. Only 12% of the variability in comparison discharges could be explained by mean measurement velocity. Furthermore, if the comparison measurement with the highest mean velocity ͑No. 13͒ is removed from the analysis, the linear regression is no longer statistically significant ͑p-value of 0.053͒. Therefore, although the statistical analysis showed a statistically significant trend, this trend is highly dependent on the leverage of one measurement. Additional data at higher velocities are needed to determine the significance of the trend. No significant relation between mean measurement depth and departure from reference was found ͑p-value of 0.43͒.
Discharge
The discharges of 31 measurements made with Price AA meters and 24 with Price pygmy meters were compared with the discharges measured by the FlowTracker. The percent departure from the Price meter measurement was computed for each FlowTracker measurement. Of the discharges measured with the FlowTracker, 76% were within 5% of the comparison discharges and 89% were within 8% of the comparison discharges. The percent departure of the discharge measured using the FlowTracker from that measured using Price current meters was evaluated separately for Price AA and Price pygmy meters ͑Fig. 6͒. When comparing the departures for FlowTracker discharge measurements to Price AA measurements, 58% of the FlowTracker discharges were lower than the Price AA discharges with a mean departure of −0.53%. When comparing the departures for FlowTracker discharge measurements to Price pygmy measurements, 52% of the FlowTracker discharges were greater than the Price pygmy discharge with a mean departure of 0.15%.
The mean percent departure for all comparisons was −0.1%, with a mean absolute departure of 3.4%. These departures are within the expected accuracy of 5% for Price AA and Price pygmy meter measurements. A linear regression analysis was per- formed on the 55 comparison measurements to determine if there was a significant difference in the FlowTracker and Price meter discharges. The linear regression line from the analysis was not statistically different from a line of perfect agreement at a 95% confidence level, indicating the FlowTracker discharge measurements are not biased relative to the Price meter discharge measurements ͑Fig. 7͒. Based upon the data available, discharges measured using a FlowTracker across a range of measurement characteristics compared well with discharge measured by Price meters, with no evident statistical bias.
Summary and Conclusions
FlowTracker acoustic Doppler velocimeters ͑ADVs͒ are hydroacoustic instruments designed for wading streamflow measurements. Fifty-five streamflow measurements made with Flow Trackers at 43 USGS streamflow-gaging stations were examined to evaluate the performance of ADVs in field conditions. The FlowTracker discharge measurements were compared with discharge measurements made under the same flow conditions using Price mechanical current meters. The field evaluations were conducted at sites ranging in mean depth from 0.05 to 0.67 m, mean velocity from 13 to 60 cm/ s, and discharge from 0.02 m 3 / s to 12.4 m 3 /s. The evaluation of the FlowTracker streamflow measurements indicates that FlowTrackers can be used successfully for data collection under a variety of field conditions. On average, the FlowTracker has proven capable of measuring discharge within 5% of standard USGS wading measurements that use mechanical current meters. Comparisons with differences larger than 8% were made at sites with more turbulent measurement conditions, as measured by the FlowTracker standard error of velocity, resulting in a larger measurement uncertainty. The additional velocity and quality-assurance data collected as part of FlowTracker's discharge measurements can be used to evaluate the measurement conditions better than data available with Price meter measurements. The evaluation measurements indicate the FlowTracker is unbiased when compared to Price meter measurements and is a feasible alternative for wading discharge measurements at a wide variety of sites similar to those in this analysis. 
